Extrachromosomally replicating viral DNA is usually free of cytosine methylation and viral templates methylated In vitro are poor substrates when used In replication assays. We have Investigated the mechanism of inhibition of viral replication by DNA methylation using as a model the DNA A of African cassava mosaic virus. We have constructed two component helper systems which allow for separation of the transcriptlonal inhibition of viral genes necessary for replication from replication inhibition due to altered interaction between the replication complex and methylated viral DNA. Our results suggest that methylatlon-mediated reduction of viral replication is due to both repression mechanisms and that this provides two independent selection pressures for the maintenance of methylatlon-free replicons In Infected cells.
INTRODUCTION
Viruses depend on host enzymes for the expression of their genetic information and similar regulatory signals of viral and host genes have evolved. However, the regulation of viral gene expression needs to be controlled entirely by the virus without host cell influences. This type of relationship is well illustrated by functional analysis of the 35S promoter of cauliflower mosaic virus (CaMV)(l), which is composed of cis-acting elements, each of which confers a tissue-specific type of regulation (1, 2, 3) . The additive action of all elements in the wild-type promoter results in high transcriptional activity and constitutive expression in almost all tissues that might be infected by the virus. Nevertheless, plant cells have the potential to reduce transcription from this viral promoter by cytosine methylation. Expression of chromosomally integrated marker genes regulated by the CaMV 35S promoter was found to be correlated to the level of its methylation (4, 5) . Suppression of viral genes integrated into chromosomes was very well documented for mammalian retroviruses (6) .
Much less is known about the involvement of methylation in the suppression of viral genes on extrachromosomal replicons (for a review 7). It was recently reported for component A of tomato golden mosaic virus (TGMV) that its hypermethylation results in reduced accumulation of viral DNA in transfected cells (8) . TGMV belongs to the group of plant geminiviruses containing single-stranded DNA genomes (9, 10) . Its genetic information is distributed on two circular molecules (components A and B or DNA A and DNA B). Proteins required for replication of viral DNA in host cells are encoded by component A. Therefore, DNA A is capable of autonomous replication in the absence of B (11, 12) and is able to transactivate replication of the B component (13) . DNA A and B share a region of homology (common region) which is considered to be the origin of replication (14, 15) . It has been shown that in vitro methylation of the component A before its transfection to tobacco protoplasts inhibits its replication (8) . The mechanism of this inhibition is not clear but there are two not necessarily exclusive explanations: (1) methylation suppresses viral genes whose products are required for replication, or (2) methylated viral DNA itself is less-efficiently recognized and/or utilized by the replication complex. Here we describe a system which allowed us to differentiate between these two possibilities. The experimental approach was based on component A of the African cassava mosaic virus (ACMV), which is a close relative of TGMV (for a review see 16). Our data indicate that both mechanisms are active in replication inhibition.
MATERIAL AND METHODS

Construction of plasmids
A CM. fragment of plasmid pCLV20 (17, kindly provided by Dr John Stanley, John Innes Institute, UK) containing a coat protein deletion derivative of component A of ACMV was cloned as a directly repeated dimer into the Clal site of pCBl (18) . After deletion of the Dral-Mscl fragment, the viral insert remained as a partial dimer with an approximately 600-bp repeat containing the common region (pUNpd, Fig. 1 the nptll hybrid gene (EcoRV fragment of pABDl, 19) was inserted into the Xhol site of pUNpd, resulting in plasmid pPDkan. pPDbar was derived from pUNpd by insertion of a 561-bp BamHl fragment coding for phosphinotricin acetyl transferase (PAT) (20) into the BamHl site of pUNpd. A deletion mutant of pPDbar was generated by removal of a 651-bp BgHI fragment resulting in the replication-deficient construct pMWBbar. All plasmid constructs used in this study are depicted in Figure 1 . The methods used for plasmid constructions were as previously described (21) . Restriction enzymes were purchased from Pharmacia, New England Biolabs and Boehringer Mannheim, and were used according to the suppliers' recommendations.
Preparation of methylated DNA
Plasmid DNA was methylated in vitro by 1.5-fold excess of HpaU-or Sssl methylase for 3 h at 37 C C in Tris-HCl pH 7.5, 10 mM EDTA containing 80 or 160 /xM S-adenosylmethionine. After the reaction, DNA was extracted with phenol/chlorophorm 1:1 and precipitated with ethanol. The completeness of methylation of each new batch of DNA was controlled by digestion with HpaU and Mspl. After digestion with HpaU and heat inactivation of restriction enzymes, the methylated DNA was sterilized before transformation by further ethanol precipitation and ethanol washing as described previously (22) .
Preparation and transformation of protoplasts
Leaves of axenic shoot cultures of the tobacco line SRI (23) were used as a source of protoplasts. The procedure for protoplast isolation was as described previously (22) . One million protoplasts per sample were transformed with 5 tig of circular plasmid DNA by the PEG-uptake method (24) . After transformation, protoplasts were cultured in 4 ml of liquid K3/H medium as previously described (25) . Protoplasts were harvested 2 h, 3 and 6 days after transformation.
Isolation of DNA and Southern blot analysis
Protoplasts were washed in 10 ml of fresh medium and collected by repeated centrifugation in Eppendorf tubes. Protoplast pellets were frozen in liquid nitrogen. The frozen cells were homogenized using a glass rod and 400 /xl of extraction buffer (10 mM Tris-HCl pH7.5, 50 mM NaCl, 10 mM EDTA, 1% sarcosyl) was added. The cell extract was mixed with an equal volume of phenol saturated with TE (10 mM Tris-HCl pH 8.0 1 mM EDTA). The organic and water phases were separated by centrifugation and DNA was ethanol precipitated from the water phase. The DNA pellet was resuspended in TE containing RNase at a final concentration of 200 /tg/ml. RNase digestion was allowed for 15 min at 37°C followed by proteinase K treatment for 1 h at 37°C at a concentration 50 /xg/ml in the presence of 0.2% sodium dodecylsulphate (SDS). After further phenol extraction, DNA was ethanol precipitated and dissolved in TE.
Total cellular non-restricted DNA (2 /tg) was subjected to electrophoresis in 1 % agarose and transferred to Hybond-N nylon membranes (Amersham International, Amersham, UK). The membranes were pre-hybridised and hybridized at 42 °C in 50% (v/v) formamide, 5% (w/v) dextran sulfate, 5xDenhardts solution, 0.5% (w/v) SDS, 4xSSC, and 0.2 mg/ml heatdenatured calf thymus DNA. The radioactive probes were prepared by the random primer method using [a-^PJdATP as previously described (26) . The specific activity obtained was 3-5 x 10^ cpm//tg DNA. Filters were washed twice for 15 min at 68°C in 0.2 x SSC, 0.1 % (w/v) SDS and were exposed to Xray films with intensifying screens at -70°C.
Analysis of replicative forms of component A
Southern blots indicating the migration of replicative forms of the component A were used as an indicator for isolating regions of agarose gels containing replication products. Gel fragments were freeze/thawed twice and DNA was separated from the agarose by filtration through glass wool in a table-top centrifuge. The filtrate was extracted with butanol and the DNA was precipitated with ethanol.
RESULTS
Replication properties of methylated viral replicons
Transfection of naked DNA into plant protoplasts allows the introduction of molecules previously modified in vitro. Homomethylated DNA A of ACMV was treated with an excess of HpaU prior to transfection in order to prevent non-methylated molecules serving as replication templates. In a parallel control experiment, it was shown that the equivalent amount of nonmediylated DNA restricted with HpaU was not able to serve as a template for initiation of replication (data not shown).
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Nucleic Acids Research, 1993, Vol. 21 The replication efficiency was estimated by the relative abundance of replication products 6 days after transformation; however, characteristic progeny replicons were already detectable after 3 days (Fig. 2) . Retarded replication was observed when methylated viral templates were introduced into protoplasts (Fig. 3) .
We also examined the level of replication inhibition for replicons with or without inserts of non viral DNA (Fig. 3) . Inserts increased both the size of the replicons and the relative number of potential methylation sites (PCM) ( Table 1 ). Both of these alterations could account for the reduction of replication efficiency observed. In order to assay the degree of inhibition caused by size enlargement and/or increased density of the PCM, we chose two inserts with base compositions that resulted in replicons (pPDbar and pPDkan, Fig. 1 ) of different sizes but with comparable frequencies of PCM (Table 1 ). This frequency is considerably higher than that of the original pUNpd (Table 1) . Thus, if replication efficiency were mainly determined by the relative number of PCM, replication of the two replicons would have been retarded to the same extent. Alternatively, if the size of the replicon were a limiting factor, the smaller replicon (pPDBar) would have been more efficiently replicated. Replication of pPDBar was indeed significantly more efficient than that of pPDKan throughout several experimental repetitions (for illustration Fig. 3, lanes 1,3,5) . These results suggest that the size of foreign DNA inserts rather than the PCM number determines the efficiency of replication.
In order to examine whether the initial methylation status of progeny replicons derived from methylated templates was maintained or altered, the products of replication were isolated after electrophoretic separation (Fig. 3 , SC DNA bands) and digested with a set of methylation-sensitive restriction enzymes (Fig. 4) . The complete digestion of progeny replicons indicated loss of methyl groups during replication. In contrast, input DNA retained in the cells remained methylated (data not shown). Reduction of replication efficiency from methylated templates together with the loss of methyl groups indicates a strong negative influence of DNA methylation on die efficiency of viral DNA amplification. In order to elucidate the mechanism of this inhibition, we designed a bimolecular helper system separating the production of viral proteins from the replication process itself.
Replication of mutant replicons in the presence of a helper
We constructed a deletion derivative of the original replicon which inactivated all viral open reading frames (pMWBbar, Fig. 1 ). The replication of this molecule, however, could be restored by co-transformation with a helper replicon providing the necessary replication factors in trans (Fig. 5 A, B lane 2) . In order to follow the fate of the mutated and the helper replicons separately and to discriminate between transactivation and recombination processes, two distinct DNA fragments were inserted into a region which is not essential for replication (27) (Fig. 1, pPDKan and pMWBbar) . Transactivation of the mutant by a helper system restored approximately 30% of replication efficiency when compared to die corresponding nonmutant control (data not shown). Hybrid replicons resulting from recombination between mutant and helper molecules were not observed.
Mechanism of replication inhibition
Pairs of the plasmids pPDkan and pMWBbar containing the helper and mutant replicons, respectively, were co-transformed into tobacco protoplasts either as non-methylated DNA or with one or both replicons methylated in vitro by Sssl methylase (Fig. 5) . As mentioned previously, co-transformation of pairs of non-methylated helper and mutant replicons resulted in transactivation to approximately 30% of the control level. Sssl methylation of both interacting components inhibited replication of the helper replicon and transactivation of die mutant (Fig. 5  A, B lane 8) . Methylation only of the helper DNA decreased its own replication and severely reduced the level of transactivation (Fig. 5 A, B, lane 4) . Interestingly, methylation only of the mutant replicon also significantly influenced its ability to be replicated in the presence of replication active helper (Fig. 5 A, B lane 2 as compared to lane 6). Thus, methylation affects not only the potential to produce transacting factors, probably by die suppression of viral genes, but also has a direct effect on die replication process.
Transactivated replicons are also demethylated
Since die inhibition of replication was mostly due to repression of die production of viral replication factors (Fig. 5, lanes 4, 6) , die observed replication-associated demediylation in die onecomponent system could be die result of tight selection for demediylated replicons which regained the ability for gene expression. In die two-component system, no such specific selection was imposed on die mutant replicons. It is possible, dierefore, diat memylation of pMWBbar was maintained during transactivated replication. We isolated progeny of mutant replicons after electrophoretic separation from input and helper DNA and examined their methylation status with methylationsensitive enzymes. As in a one-component system (Fig. 4) , in this case methylation was also not maintained (data not shown). Thus, lack of methylation maintenence appears to be inherent to viral replication itself rather than the result of selection.
DISCUSSION
Methylation of a newly synthesized DNA strand occurs very soon after its synthesis (28, 29) . It has been postulated that the eukaryotic replication complex (replitase) also contains methylase activity responsible for the maintenance of methylation (30) . In contrast, the replicons of eukaryotic DNA viruses are found to propagate DNA free of methylation. This is well documented for adenovirus (Adl2) SYREC sequences (31) . These sequences are methylated when part of chromosomal DNA but are methyl cytosine-free when packaged into virions after extrachromosomal replication. This lack of methylation may be due to the specific constitution of the Ad 12 replication complex which, in contrast to phages (for a review 32), does not include methylase. It was also suggested that extrachromosomal replicons may not be accessible for host methylases, although the barrier preventing access was not defined (7) . The behavior of Ad 12 resembles that of gemini-virus replicons. It was observed that replication of component A of TGMV (8) and ACMV (this study) were not able to maintain methylation, even when exclusively methylated templates were used for the initiation of replication. This was probably not due to the efficient demethylation of transfected DNA by the host, since plasmid DNA introduced in methylated form into protoplasts stays methylated and remains transcriptionally inactive for 5 days after transformation (33, 34) . In addition, the methylated and silent state is stably maintained after integration of methylated copies into chromosomes (35) . Thus, comparison with viral replicons indicates that demethylation is tightly connected to the viral replication process itself.
However, it is still puzzling that replicons persisting in the nucleus are not subject to de now methylation since viral replication is thought to take place in S phase (10) . One explanation could be that compartmentation of cellular and viral DNA prevents methylation of the latter. This has been suggested for SYREC of Ad 12 (7) . Alternately, it might be that de novo methylation of replicons takes place but this has a pronounced negative influence on replication ability and a selection pressure towards the amplification of hypomethylated replicons arises. This may occur by the different affinities of the replication complex for methylated and non-methylated DNA, and the preferential use of hypomethylated replicons as templates. In this case, protection of the viral genome against mutations would be an additional advantage. It has been shown that the presence of methyl cytosine provokes mutational hot spots with a mutation rate 10-fold higher than average (36) .
It was in fact observed for geminiviruses that hemi-(8) or homomethylation of templates (this study) negatively influences their replication ability. However, since the same templates were used for expression of viral replication factors, these experiments did not allow differentiation between reduction of transcription or replication of methylated viral templates. To separate these two processes, we constructed a bimolecular helper system, providing an excess of replication factors in trans which resulted in a mixed population of non-methylated and methylated replicons in transfected cells. Our data indicate that non-methylated replicons are preferentially propagated. Since methylation was not passed on to the progeny replicons, the observed differences in the accumulation of replication products may reflect a delay in replication events directly after transfection when only methylated templates were available. Hence, our assay of the accumulation of progeny replicons after 6 days probably underestimated the bias of replication towards hypomethylated templates.
The correlation between replication inhibition and methylation status resembles the link between transposition activities of maize transposable elements (Ac, Spm, Mu and En-1) and their DNA methylation state (for a review see 37). It has been suggested that hypermethylation of transposons relates not only to the reduction of transcription but also to an alteration in the affinity of transposase to transposon terminal sequences (38, 39) . There are six potential methylation sites in the common region of ACMV and it would be interesting to determine their specific role in the interaction with the replication complex. It is also not yet known if the demethylation of progeny replicons takes place in a single replication round or occurs gradually. Analysis of critical methylation sites by direct sequencing (for a review see 40) and of the kinetics of the demethylation process should expand our preliminary observation of methylau'on-dependent differential replication of ACMV DNA A.
